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(57) Abstract: A monitor for monitoring 
diastolic relaxation of at least one ventricle 
of a patient's heart comprises an impedance 
measurement means (9) including electrode 
means for measuring an impedance and 
generating a corresponding impedance 
signal (Z), detecting means (6) for detecting 
the occurence of at least one notch in said 
impedance signal coincident with the entry 
of blood into at least one ventricle of the 
heart and delect at least one parameter 
of said at least one notch. The detecting 
means comprises a differentiating means 
(2) to form the time derivative of said 
impedance signal. A loop creator (5) is 
connected to said impedance measurement 
means and to said differentiating means 
to receive said impedance signal and said 
lime derivative of the impedance signal 
for plotting impedance values against 
related lime derivative values fto form a 
loop for each cardiac cycle. A comparator 
(10) is connected to the loop creator for 
comparing the loop with a predetermined 
loop template. 
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IMPLANTABLE DEVICE 
Technical Field 

The present invention relates to a monitor for monitoring diastolic relaxa- 
5 tion of at least one ventricle of a patient's heart, comprising an impedance mea- 
surement means including electrode means for measuring an impedance and ge- 
nerating a corresponding impedance signal, a detecting means connected to said 
impedance measurement means for detecting the occurance of at least one notch 
in said impedance signal coincident with the entry of blood into at least one ventri- 
10 cle of the heart and for detecting at least one parameter of said at least one notch. 
This invention also relates to a method of monitoring diastolic relaxation of a pa- 
tient's heart comprising the steps of measuring an impedance by means of elec- 
trode means adapted for a location significant for one or both of the lower cham- 
bers of the heart or for location in coronary sinus, generating a corresponding im- 
15 pedance signal, and detecting at least one notch coincident with the entry of blood 
into at least one of said chambers. 

Background 

Congestive heart failure is a fast growing health problem that mostly af- 
20 fects older adults. In this condition the heart is unable to pump enough blood to 
meet the needs of the body's organs. Among the most common causes of con- 
gestive heart failure can be mentioned coronary artery disease, causing myocar- 
dial ischemia, myocardial infarction and cardiomyopathy. During ischemia the car- 
diac relaxation, i.e. diastole, is changed or disturbed because the cardiac muscle 
25 is stiffened. A disturbed diastolic phase or diastolic failure is a very early sign of 
congestive heart failure, such that at this early stage it might not even appear as 
symptoms to the patient. If it would be possible to detect these early signs of dis- 
turbed relaxation patterns, the physician would be capable of taking actions pre- 
venting congestive heart failure to escalate which often will result in reduced sys- 
30 folic capacity. 

In US 4 905 696 it is described that the P-wave in the electrocardiogram 
can be detected as a rapid inflection or notch in a ventricular impedance signal. 
This phenomenon is used for providing P-synchronous heart stimulation of a pa- 
tient's heart. 
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It is known that a notch appears in the impedance signal corresponding to 
early diastole of a cardiac cycle cf. Brian R. Pickett et al., The American Journal of 
Cardiology, vol. 71 , May 1, 1993, "Usefulness of the Impedance Cardiogram to 
Reflect Left Ventricular Diastolic Function". In this document a study is described 
5 of the correlation between a dip in a non-invasively measured impedance and 
Doppler measurements for diastolic studies. 

Figure 1 shows examples of measurements from animal tests, more pre- 
cisely results from measurements on a sheep. Curve a shows an impedance sig- 
nal measured with a standard bipolar pacing lead positioned in right ventricular 

10 apex as indicated in the figure. Curves b and c show the right ventricular pressure 
and the left ventricular pressure respectively. Curve d is the surface ECG and 
curve e shows the respiratory flow. As appears from the figure, a distinct notch is 
seen in the intracardiac impedance, marked by a circle in curve a, is seen in the 
majority of measurements. Its location is closely after the point where the ven- 

15 tricular pressure curves b and c are down to a minimum and prior to atrial systole, 
i.e. the notches are located in early heart diastole. In some measurements the 
notch occurs at the time of atrial systole which could lead to the conclusion that it 
is caused by atrial contraction. However, the notch is present even if no atrial ac- 
tivity is observed, i.e. even when no P-wave is available. 

20 The impedance measured in human beings also exhibits a notch, marked 

by circles in figure 2, cf. also the above-mentioned document by Brian R. Pickett 
et. al. The diagrams a in figure 2 show the bipolar right ventricular impedance 
measured in humans with no prior history of coronary artery decease for three 
different tip-ring distances, viz 10, 20 and 30 mm respectively. Corresponding in- 

25 tracardiac ECGs are shown at b in the figure. The measurements shown in figure 
2 are made during rest conditions with the patient lying down, and the curves 
shown are calculated from measurements during 10 or more heartbeats. As ap- 
pears a distinct notch in the diastolic impedance is shown in all examples, and this 
notch is occurring after the end of the T-wave in the ECG, marking the start of re- 

30 taxation or diastole, and before the appearance of the subsequent P-wave. 

Figure 3 shows another example of such bipolar right ventricular imped- 
ance measurements on a human being during rest conditions and drug-induced 
workload together with corresponding ECGs. Also in this case the curves shown 
are averaged curves of both the intracardiac electrogram and the impedance cal- 
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culated from 10 or more heartbeats. A distinct notch in diastolic impedance is seen 
in all examples, marked by circles in the figure. Although the over-all impedance 
might show a slight change in morphology, little or no change in notch appearance 
between rest and load conditions is observed, the timing of the notch being earlier 
5 during load. Thus for a healthy patient the shape of the notch does not change 
significantly with the load, whereas the situation might be different for patients with 
cardiac abnormalities that alter the relaxation patterns. 

Figure 4 shows the right ventricular bipolar impedance i), the first time de- 
rivative of the impedance ii), and a corresponding loop plot iii) of these two signals. 

10 As appears there is very little variation in the impedance notch appearance. The 
three set of diagrams i, ii and iii, represent three different tip-ring distances, viz. 
10mm, 20mm and 30 mm respectively. 

To use such loops, formed by plotting parameter values against related 
time derivative values, as an aid for analysis of phenomena and functions of the 

15 heart is previously described in e.g. US 5 427 112 and 5 556 419. 

In figure 5 the unipolar impedance, i.e. the impedance measured between 
an electrode tip positioned in the ventricular apex and the casing of the implanted 
monitor is shown together with the corresponding time derivative of this imped- 
ance signal and the loop plot for a healthy patient in rest, curve a, for a load of 30 

20 W, curve b, and a load of 75 W, curve c. Also in this case the occurrence of the 
notch in the impedance signal is evident. 

Figure 6 shows results from corresponding measurements on a patient 
with dilated cardiomyopathy. The curves a), b) and c) show the result from right 
ventricular unipolar impedance measurements in a patient during rest, curve a, a 

25 load of 30 W (cycling), curve b and a load of 60 W (cycling), curve c. The imped- 
ance signal Z, the first time derivative of the impedance dZ/dt and a loop plotted of 
these two signals dZ/dt and Z are shown. In these examples there is a marked 
change in the impedance notch appearance between rest and load situations, 
which is related to relaxation disturbances of the patient. The changes in the notch 

30 appearance are emphasized in the loop plots. 

Animal tests comprising impedance measurements performed simultane- 
ously with echocardiographic measurements of mitral blood flow also show the 
appearance of an impedance notch at the time for maximum inflow in early dia- 
stole, and prior to the ventricular filling caused by atrial contraction. It has also ap- 
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peared that the time between ECG R-wave and the occurrence of an impedance 
notch correlate well with the heart rate in a physiological manner. 

To sum up, tests show that the notch appearing in the diastolic impedance 
is related to a ventricular event, and not to an atrial event. In practically all tests 
5 the notches occur prior to atrial systole. In some cases the time interval between 
the T-wave in one heartbeat and the P-wave in the subsequent beat is short and in 
such cases the notch can be seen to occur simultaneously with the electrical P- 
wave, however, echocardiography measurements of mitral blood flow show, as 
mentioned above, that the atrial contribution to ventricular filling occurs after the 
10 impedance notch, i.e. the notch is related to rapid ventricular filling in early dias- 
tole. 

Disclosure of the Invention 

The purpose of the present invention is to utilize the above discussed 
15 knowledge to provide a notch monitoring diagnostics for detecting early signs of 
disturbed relaxation patterns of the heart. 

This purpose is obtained by a monitor, and a method according to the in- 
troductory portion having the characterizing features of claim 1 and 14 respec- 
tively. 

20 Thus in the present invention any change, other than normal notch varia- 

tions, in the parameter considered indicates a relaxation disturbance. Said para- 
meter is compared to a template defining normal notch variations, i.e. timing and 
shape, during for example rest and workload, upright and supine position etc. An 
example of such normal changes in notch characteristics is a reduced time interval 

25 between R-wave, or ventricular stimulation, and detected notch with increased 
heart rate, as discussed above. For this purpose the loop is superior to e.g. signal- 
to-time representation since it does not only take the signal of interest into ac- 
count, but also one additional quantity is analysed. Small changes in the meas- 
ured signal are revealed in this way in much greater detail. The template must be 

30 determined for each individual patient under the supervision of a physician. The 
monitoring possibility of early signs of disturbed relaxation patterns obtained by the 
present invention give a very important diagnostic advantage and make it possible 
for the physician to take suitable actions that would prevent a congestive heart 
failure to escalate and perhaps even prevent the patient from hospitalization. 
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According to an advantageous embodiment of the monitor according to 
the invention, wherein said monitor comprises means to supervise the patient's 
heart rate, said comparator is adapted to determine the correlation between the 
time between the apperance of an R-wave/ventricular stimulation and the time of 

5 the notch occurrence, and the heart rate. The detecting means is preferably 
adapted to detect the timing of occurred notches by measuring the time between 
the appearance of R-wave or, where appropriate, the delivery of a ventricular 
stimulation pulse, and subsequent occurrence of a notch in the impedance signal. 
Thus the time interval between sensed R-wave or ventricular stimulation event, 

10 and detected notch is measured and can be stored together with actual heart rate 
to make it possible for the physician to follow notch behavioural statistics in terms 
of date and time for notch change, number of notch change events, frequency 
change and longevity, level of notch change etc. for then deciding whether to 
make additional medical check-ups. 

15 According to another advantageous embodiment of the monitor according 

to the invention said comparator is adapted to compare the shape of the loop in 
that part of the loop which corresponds to the notch portion of the impedance sig- 
nal with corresponding part of the loop template. Certain phenomena appearing in 
the impedance signal can be emphasized in the loop plot, thus facilitating detec- 

20 tion and analysis of these phenomena. 

According to still another advantageous embodiment of the monitor ac- 
cording to the invention said comparator is adapted to compare notch timing and 
shape, notch time derivatives and corresponding loop characteristics with corre- 
sponding predetermined timing and shape, time derivative and loop templates re- 

25 spectively. By simultaneously studying the three quantities impedance signal, time 
derivative of the impedance signal and the loop obtained from values of imped- 
ance signal and its time derivative a still more reliable detection of possible distur- 
bances in the diastolic relaxation pattern can be detected. 

According to yet other advantageous embodiments of the monitor accord- 

30 ing to the invention a first averaging means is connected to said impedance 
measuring means for determining an average impedance signal of impedance 
signals measured during a predetermined number of cardiac cycles and said de- 
tecting means is connected to said first averaging means to detect the occurrence 
of and said parameter of said at least one notch from said average impedance 
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signal. By using average signals in this way the reliability in the detection of distur- 
bances in the diastolic relaxation can be still improved. 

In some cases the notch may, however, appear somewhat unclear and not 
distinct in the average impedance signal. The notch may in these cases appear 
5 more clearly in the standard deviation curve obtained from the measured imped- 
ance curves. Therefore, according to another advantageous embodiment of the 
monitor according to the invention said first averaging means is adapted to deter- 
mine the standard deviation of impedance signals measured during a predeter- 
mined number of cardiac cycles and said detecting means is connected to said 

10 first averaging means to detect the occurrence of and said parameter of said at 
least one notch from said standard deviation. 

The invention also relates to a heart stimulator comprising a pulse gen- 
erator for generating stimulation pulses for delivery to a patients heart by means 
of electrode means adapted for location in one or both of the lower chambers of 

15 the heart, which is characterized by a monitor according to the invention. By pro- 
viding a heart stimulator with such a notch monitoring diagnostics a heart stimula- 
tor is obtained having much improved diagnostic possibilities. 

The invention also relates to a method of monitoring diastolic relaxation of 
a patients heart according to the introductory portion of the description, which is 

20 characterized by the steps of forming the time derivative of the impedance signal, 
plotting impedance values against related time derivative values to form a loop for 
each cardiac cycle, and comparing said loop with a predetermined loop template. 
Thus according to the invention an impedance signal can be used which is ob- 
tained by means of electrode means located in one or both of the lower chambers 

25 of the heart or in coronary sinus. 

Brief Description of the Drawings 

To explain the invention in greater details an embodiment of the monitor 
according to the invention will be described in the following with reference to fig- 
30 ures 7-9 of the drawings, on which figure 1 shows measurement signals obtained 
from an animal test, figures 2 and 3 show the impedance signal and intercardiac 
ECG obtained from a human being during rest condition and during drug-induced 
workload, figure 4 shows the impedance signal, the time derivated impedance sig- 
nal and corresponding loops formed by impedance values and corresponding time 
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derivatived values from right ventricular bipolar impedance measurements in a 
healthy patient during rest for three different interelectrode distances, figure 5 
shows an unipolar impedance signal obtained from a healthy patient for rest con- 
dition and two different load conditions together with corresponding time deriva- 
5 tives and loops, figure 6 shows the corresponding curves for a cardiomyopathy 
patient, figure 7 shows in the form of a blockdiagram an embodiment of the moni- 
tor according to the invention, figure 8 illustrates an example of obtaining informa- 
tion about notch pattern variation, and figure 9 shows the R-wave-notch time and 
the standard derivation of the notch loop area as functions of the heart rate. 

10 

Description of a Preferred Embodiment 

The blockdiagram in figure 7 is divided into a signal preparation part, a 
notch detection part, a notch characteristics part, an impedance measurement 
part, and a final general operation part. 

15 The letter Z denotes the measured impedance, as will be further explained 

below, and in the signal preparation part the impedance signal Z is supplied to a 
filter 1 , which is a smoothing filter for the raw impedance signal in order to remove 
noise and artefacts. The time derivative and filter unit 2 is a high pass filter to cre- 
ate a first time derivate of the impedance signal and a smoothing filter to remove 

20 noise and artefacts 

An electrogram is also recorded for the patient and supplied to a heart rate 
calculator 3. The heart rate calculator calculates the heart rate from sensed R- 
waves, or where appropriate, ventricular stimulations. 

An ensemble average unit 4 is provided to calculate an average imped- 

25 ance signal from e.g. ten cardiac cycles, as measured from the electrogram. The 
ensemble average unit 4 is adapted to also calculate a corresponding averaged 
time derivative. 

A loop creator 5 is connected to the ensemble average unit 4 to receive 
the average impedance signal and the average time derivative and form a loop for 
30 the cardiac cycle by plotting impedance values against related time derivative val- 
ues. From the loop together with timing inputs from a notch detector 6 notch char- 
acteristics are determined. 

The notch detector 6 of the notch detection part is connected to the en- 
semble average unit 4 to detect the existence of notches from the average imped- 
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ance signal and, if so, the timing in the cardiac cycle of the notch. The notch de- 
tector 6 is adapted to determine, as an alternative, the existence of a notch from 
the average time derivative received from the ensemble average unit 4. 

In the temporary notch variation memory 7 of the notch characteristics part 
5 notch characteristics, for example notch shapes as seen in either impedance sig- 
nal, first time derivative of the impedance signal or in the corresponding loop, R- 
wave to notch time correlated to heart rate, etc. are continuously stored. 

The normal notch 8 variation memory contains normal notch variation pat- 
tern templates for the characteristics stored in memory 7. These templates are 
10 unique for each patient and are individually determined under the supervision of a 
physician. 

The impedance measurement part illustrates the impedance measure- 
ments performed by the monitor according to the invention or by a heart stimula- 
tor, like a pacemaker, provided with such a monitor. The monitor or heart stimula- 
15 tor comprises a lead with one or more electrodes, in the example a bipolar ven- 
tricular electrode is shown. Current is supplied through the lead and the corre- 
sponding voltage between the two electrodes or between one electrode and the 
monitor or stimulator casing is measured. This voltage represents the impedance 
Z. 

20 The final general operation part of the monitor (or stimulator) includes a 

comparator and detector 10 for continuos comparison of actual notch variation 
pattern, received from the memory 7, with a template, received from the memory 
8. By this comparator and detector 10 any abnormal notch pattern is detected, like 
loss of notches and change in notch shape, as seen in the corresponding loop, as 

25 well as discrepancies in the R-wave to notch time correlation to heart rate, etc. 

Notch pattern variations including any detection of abnormal notch varia- 
tion patterns are stored in the notch diagnostic memory 11. Thus e.g. the number 
of abnormal notch variation events, time and date for abnormal notches, longevity 
of each abnormal notch variation event, level of notch changes etc. can be stored. 

30 The physician can then use this information to follow notch behavioural statistics to 
decide whether to make additional medical check-ups. 

Figure 8 illustrates an example of obtaining information about notch pat- 
tern variations. At 12 a dZ/dt-Z loop from one heartbeat is shown, and at 14 the 
corresponding notch loop area is shown. At 16 in figure 8 notch loop areas from a 
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plurality of heartbeats are shown. As appears the loop areas obtained from differ- 
ent heartbeats vary and the standard deviation value STD of the notch loop areas 
reveals the variation pattern at this particular heart rate. 

Figure 9 shows an example of measured normalized R-wave-notch time 
5 plotted against heart rate (bpm). This is what it might look like in one single pa- 
tient. Along with the measured temporal information, a schematic curve of stan- 
dard deviation STD of the notch loop area is plotted against the heart rate. To- 
gether these curves form one example of notch variation pattern that can be cal- 
culated and then stored in the temporary notch variation memory 7 in figure 7 and 
10 compared to a normal notch variation pattern stored in the memory 8 in figure 7. 

This is just one example of presenting notch characteristics in terms of 
variation pattern. It is obvious that several other combinations of quantities can be 
used to present such notch characteristics. 



15 
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CLAIMS 



1 . A monitor for monitoring diastolic relaxation of at least one ventricle of a 
patient's heart, comprising an impedance measurement means (9) including elec- 

5 trode means for measuring an impedance and generating a corresponding imped- 
ance signal (7), a detecting means (6) connected to said impedance measurement 
means for detecting the occurrence of at least one notch in said impedance signal 
coincident with the entry of blood into at least one ventricle of the heart and for 
detecting at least one parameter of said at least one notch, characterized in that 

10 said detecting means comprises a differentiating means (2) to form the time de- 
rivative of said impedance signal, and in that a loop creator (5) is connected to 
said impedance measurement means (9) and to said differentiating means (2) to 
receive said impedance signal and said time derivative of the impedance signal for 
plotting impedance values against related time derivative values to form a loop for 

15 each cardiac cycle and in that a comparator (1 0) is connected to said loop creator 
for comparing said loop with a predetermined loop template. 

2. The monitor according to claim 1 , said monitor comprising means to su- 
pervise the patient's heart rate, characterized in that said comparator (10) is 

20 adapted to determine the correlation between the time between the appearance of 
an R-wave/ventricular stimulation and the time of the notch occurrence, and the 
heart rate. 

3. The monitor according to claim 1 or 2, characterized in that said com- 
25 parator (10) is adapted to compare the shape of the loop in that part of the loop, 

which corresponds to the notch portion of the impedance signal, with correspond- 
ing part of the loop template. 

4. The monitor according to any one of the preceding claims, characterized 
30 in that said comparator is adapted to compare notch timing and shape, notch time 

derivatives and corresponding loop characteristics with corresponding predeter- 
mined timing and shape, time derivative and loop templates respectively. 
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5. The monitor according to any one of the preceding claims, characterized 
in that a first averaging means is connected to said impedance measuring means 
for determining an average impedance signal of impedance signals measured 
during a predetermined number of cardiac cycles, and in that said detecting 
means is connected to said first averaging means to detect the occurrence of and 
said parameter of said at least one notch from said average impedance signal. 

6. The monitor according to claim 5, characterized in that said first averag- 
ing means is adapted to determine the standard deviation of impedance signals 
measured during a predetermined number of cardiac cycles and in that said de- 
tecting means (6) is connected to said first averaging means to detect the occur- 
rence of and said parameter of said at least one notch from said standard devia- 
tion. 

7. The monitor according to any one of the preceding claims, characterized 
in that a second averaging means is connected to said differentiating means (2) 
for determining an average time derivative of time derivatives of impedance sig- 
nals measured during a predetermined number of cardiac cycles and in said de- 
tecting means (6) is connected to said second averaging means to detect the oc- 
currence of and said parameter of said at least one notch from said average time 
derivative. 

8. The monitor according to claim 7, characterized in that said second aver- 
aging means is adapted to determine the standard deviation of time derivatives of 
impedance signals measured during said predetermined number of cardiac cycles 
and in that said detecting means (6) is connected to said second averaging means 
to detect the occurrence of and said parameter of said at least one notch from said 
standard deviation. 

9 The monitor according to any one of the preceding claims, characterized 
in that said loop creator (5) is connected to said first and second averaging means 
to receive said average impedance signal and its corresponding average time de- 
rivative to form a corresponding average loop and in that said comparator (10) is 
adapted to compare said average loop with said predetermined loop template. 
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1 0. The monitor according to any one of the claims 5-9, characterized in that 
said first and second averaging means are realised by one and the same averag- 
ing means (4). 

5 

1 1 . The monitor according to any one of the preceding claims, characterized 
in that said electrode means comprises a bipolar ventricular electrode and in that 
said impedance measuring means (9) is adapted to measure the impedance be- 
tween electrode tip and ring. 

10 

12. The monitor according to any one of the claims 1-10, characterized in 
that said electrode means comprises an unipolar ventricular electrode and in that 
said impedance measuring means (9) is adapted to measure the impedance be- 
tween electrode and monitor casing. 

15 

13. A heart stimulator comprising a pulse generator for generating stimulation 
pulses for delivery to a patient's heart by means of electrode means adapted for 
location in one or both of the lower chambers of the heart, characterized by a 
monitor according to any one of the preceding claims. 

20 

14. A method of monitoring diastolic relaxation of a patient's heart comprising 
the steps of measuring an impedance (9) by means of electrode means adapted 
for a location significant for one or both of the lower chambers of the heart or for 
location in coronary sinus, generating a corresponding impedance signal (Z), and 

25 detecting at least one notch (6) coincident with the entry of blood into at least one 
of said chambers, characterized by the steps of forming the time derivative of the 
impedance signal, plotting impedance values against related time derivative val- 
ues to form a loop for each cardiac cycle, and comparing said loop with a prede- 
termined loop template. 
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